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ABSTRACT:  Ascending interest of the scientific community in layered hybrid halide perovskites (LHHPs) as materials for 
innovative photovoltaic and optoelectronic applications led to unprecedented expansion of this family of compounds, 
reaching now several hundred refined structures. Despite the unique structural diversity of LHHPs, traditional approach-
es of describing their structures, such as dividing into Dion-Jacobson (DJ) or Ruddlesden−Popper (RP) phases for most 
structures are ambiguous and unquantifiable. Here, we introduced a quantitative layer shift factor (LSF) for a univocal 
classification and quantitative comparison of the structures. We also developed an algorithm for automatic calculation of 
the LSF for such structures. We demonstrate the application of the proposed approach for an analysis of correlations be-
tween the LSF and band gap to reveal “structure-property” relationships. Our study gives a simple and useful approach to 
classify of either the layered perovskite-like structures or other layered compounds composed of layers of vertex-
connected octahedra as a structural unit. 
INTRODUCTION 
The family of layered organic-inorganic halide perov-
skite-like compounds, often referred as “2D hybrid halide 
perovskites”, is derived from the perovskite structural 
type, exhibits unprecedented structural flexibility which 
opens prospects for the design of various innovative ma-
terials for photovoltaics and optoelectronics. This class of 
materials shows a set of unique functional properties, 
such as record-breaking quantum yield of photo- and 
electroluminescence, tunable narrow emission or broad 
white-light emission and excellent photoconductivity 1–3.  
Layered (2D) hybrid halide perovskites (LHHPs) are re-
sulted of cutting of the 3D parent compound along a spe-
cific crystallographic plane 4 as reflected by the general 
formula of (A`)2/qAn−1BnX3n+1, where [A
`]q+ represents singly 
(q=1) or doubly (q=2) charged organic interlayer (spacer) 
cation, A+ is a small intralayer cation (such as Cs+, 
CH3NH3
+, [HC(NH2)2]
+); B2+ = Pb2+, Sn2+, Ge2+, etc.; X- = 
Cl−, Br−, I−; n is the number of layers of corner-shared oc-
tahedra within a perovskite slab. 
In a recent paper, Mitzi and co-authors 5 сategorized 
the structural types of LHHPs based on their different 
octahedral connectivity and layer orientation. Particular-
ly, they are subdivided into three main categories: the 
(100)-oriented, the (110)-oriented, and the (111)-oriented 
structures based on cutting along the specific crystallo-
graphic directions. The (100) type of LHHPs was further 
subdivided, similarly to well-known layered oxide perov-
skites, into the so-called Dion-Jacobson (DJ) phases and 
Ruddlesden-Popper (RP) phases. The first is characterized 
by a relative shift of the neighboring layers along the ab-
plane (1/2, 0 shift, KLaNb2O7-type) 6 or no shift at all (0, 0 
shift, CsLaNb2O7-type) 7, while the second type exhibits 
the (1/2, 1/2) shift 8, as shown on Fig. 1. 
 
Figure 1. Schematic representation of end members of 
LHHPs with different stacking of layers: (a) DJ phase with 
a mirror plane between layers, (b) DJ phase with a plane 
containing a translation vector (0, ½) along the plane 
 with length equal to a half of the octahedron, (c) RP 
phase with a plane containing a translation vector (½, ½) 
along the plane with the same length. 
 
However, the already well-known “DJ-RP classification” 
has a qualitative, unquantifiable origin and the majority 
of the structures of known (100) LHHPs can not be strict-
ly attributed to DJ or RP phases. An attempt to eliminate 
the ambiguity in the definition of the DJ phases was the 
introduction of a new family of layered perovskite struc-
tures by Kanatzidis et al. 8 suggested the so-called ACI 
phases (1/2 0) although, by the definition, this family in-
cludes only the compounds with alternating interlayer 
cations. The (110)-oriented structures are usually noted as 
“eclipsed” and “staggered”, while there is no classification 
of the (111)-oriented structures at all. 
It worth to notice that both experimental data and the-
oretical calculations indicate that the relative shift of the 
layers is one of the key factors affecting such important 
properties of LHHP as band gap, band gap dispersion 
(charge mobility), and exciton energy, which is excellently 
illustrated by the significant difference in the optoelec-
tronic properties of RP, DJ and ACI phases 8–10. Thus, the 
numerical parameter, characterizing the degree of relative 
shift of the layers in LHHP is highly required to reveal 
quantitatively “composition – structure – property” corre-
lations among the whole multitude of the layered perov-
skites. 
Here, we introduce a new quantitative Layer Shift Fac-
tor (LSF) for univocal classification and comparison of 
the layered perovskite structures. We also present a sim-
ple Python script for automatic calculation of the LSF for 
any structure. This parameter was used for crystal-
chemical analysis to establish relationships between the 
composition, structural features and their relationship 
with functional properties. 
METHODS  
Crystal structures of the known layered (100)- and (110)- 
hybrid perovskites for the analysis were taken from the 
recently published database of 2D perovskite-like materi-
als 11. Only the structures with integer occupancies of crys-
tallographic positions were used for the calculations. The 
doubled direction in one of three supercells, 2×1×1, 1×2×1, 
and 1×1×2, was defined as a vector of two-dimensional 
periodicity where the calculated number of connected 
components is exactly twice as high as the number of 
connected vertex-connected octahedra. Atomic connec-
tivity is determined then based on the interatomic dis-
tances, namely, two atoms are considered as bonded if 
the distance between them does not exceed a sum of cor-
responding Cordero covalent radii12. A user-defined toler-
ance distance has a typical value of 0.25 Å13,14 while for 
some structures with a distorted inorganic framework it 
was manually set equal to 0.85 Å.  
The Layer Shift Factor (LSF) was calculated for the ex-
animated structures as a vector D         - where t1 and t2 
are translational vectors of shift reaching maximum val-
ues equal to a half of the octahedron. LSF was calculated 
by the following algorithm. Metal/metalloid atoms in-
cluded into two adjacent perovskite octahedral layers 
were examined. For each possible pair of atoms        , 
where    and    belong to the first and second layers, re-
spectively, vector  ̅   ̅  was calculated. This vector was 
projected onto the plane formed by the two crystallo-
graphic axes lying in the perovskite plane. The projection 
of the shortest vector required to bring the octahedral 
layers to zero in-plane displacement was defined as the 
first coordinate of the translation vector   (translation 1); 
the second coordinate of D (translation 2), for the sake of 
simplicity, was defined as a vector perpendicular to the 
first one and lying in the plane of two-dimensional perio-
dicity. Strictly speaking, in some structures, a slight 
asymmetry of octahedra is observed; in this case, the 
translation unit vectors are not perpendicular. However, 
this simplification does not lead to a significant mismatch 
in the value of in-plane displacement. Particularly, the DJ 
and RP phases among (100) perovskites are the end mem-
bers of possible LSF values - (0,0) / (½,0) and (½, ½), re-
spectively. 
A series of hypothetical structures with the same com-
position Cs2PbBr4 and different LSF were generated man-
ually. One-layered perovskite slabs consisting of non-
distorted corner-shared PbBr6 octahedra were spaced 3.5 
Å apart, all the Pb-Br distances were chosen to be 2.98 Å. 
The Cs atoms were placed at the center of mass of the 
eight nearest Br atoms. A two-dimensional grid with a 
step of 0.1 was used to generate 21 structures with differ-
ent LSF parameter values. These all-inorganic hypothet-
ical structures can serve as relevant prototypical models 
of 2D hybrid perovskites for DFT band structure calcula-
tions since the substitution of interlayer molecular cati-
ons by cesium does not alter significantly the band struc-
ture near the electronic gap15,16.  
For the generated set of Cs2PbBr4 structures the band 
gaps were calculated using density functional theory 
(DFT) as implemented in the GPAW 17,18 code. The projec-
tor-augmented wave (PAW) formalism 19,20 with a cutoff 
energy of 500 eV was used to describe the electronic 
wavefunctions. We used a Monkhorst–Pack Γ-centered 
grid 21 with the k-point density of 10 points/Å for sampling 
the Brillouin zone. The band gaps were calculated using 
the GLLB-SC exchange-correlation functional 22,23, includ-
ing spin-orbit coupling as described in ref. 24. 
 
RESULTS AND DISCUSSION 
It total, LSF was calculated for 282 (100) and 21 (110) lay-
ered hybrid perovskite structures (Figure 2 and Figure 3) 
and it can be seen that in contrast to dual RP-DJ and 
“eclipsed - staggered” classifications, all analyzed struc-
tures encompass whole configuration space of vector LSF 
       . Despite the common believe that the structures 
with diammonium cations tend to form predominantly DJ 
phases (LSF (0, 0)) and that monoammonium cations are 
mainly associated with the structures with RP phases (LSF 
(1/2, 1/2))25, in terms of LSF we clearly see no systematic 
 correlation between cation types and layer shift (see Fig-
ures S1-S3 in SI). 
 
Figure 2. Calculated layer shift factor         for (100) LHHPs 
from the Database 
11
. DJ and RP phases correspond to the 
vectors (0, 0), (1/2, 0) and (1/2, 1/2), respectively. Translations 
1 and 2 are          , respectively. 
 
Figure 3. Calculated layer shift factor         for (110) layered 
hybrid perovskite-like structures from the Database
11
. 
“Eclipsed” and “staggered” conformations correspond to the 
vectors (0, 0) and (1/2, 1/2), respectively. Organic cations are 
designated as follows: A1 – piperazinium, A2 – N-propyl-
ammonio-3-imidazolium, A3 – guanidinium, A4 – 1,2,4-
triazolium, A5 – 1-methylimidazolium, A6 – iodoforma-
midinium, A7 – methylammonium, A8 – ethanediammoni-
um, A9 – 3-ammonioimidazolium, A10 – N-methylethane-1,2-
diammonium, A11 – 2,2'-(ethylenedioxy)bis-
(ethylammonium).  
 
To reveal possible influence of cationic composition on 
structural features of LHHPs, we analyzed the homolo-
gous series of single-layered (n=1) iodoplumbate perov-
skites A2PbI4 with interlayer alkylammonium cations A
+ of 
different carbon chain length (from ethylammonium to 
decylammonium) 11. These A2PbI4 perovskites can adopt 
orthorhombic space group symmetry Pbca or monoclinic 
one P21/c. The structures with the orthorhombic sym-
metry belong to the LSF (½, ½) (RP) while the monoclinic 
structures are intermediate between LSF (0, 0) (DJ) and 
LSF (½, ½) (RP) phases within a nearly linear trend (Fig-
ure 4a). Such a difference in LSF values may be caused by 
the existence of different conformations of interlayer cat-
ions corresponding to a different penetration depth of 
these cations into the inorganic layer of corner-shared 
octahedra as shown in Figure 4b. For monoclinic struc-
tures of this series, there is a large distribution in penetra-
tion depth values, than that, in contrast, observed for or-
thorhombic structures with LSF close to (1/2, 1/2).  
 
 
Figure 4. Calculated values of LSF (a) and penetration depth 
of interlayer cations (A
+
) into the inorganic layer (b) for (100) 
single-layered (n=1) A2PbI4 LHHPs with alkylammonium 
cations of different length. 
 
The penetration depth of organic cations into inorganic 
layers correlates with Pb-X-Pb angles distortion and, in 
turn, with band gaps for single-layered halide perovskites 
11. In order to reveal an influence of LSF values on the 
band gaps, they were calculated for the series of hypo-
thetical structures of (100) single-layered bromoplumbate 
perovskites (A2PbBr4) characterized by undistorted inor-
ganic framework with the P4/mmm symmetry and a small 
interlayer distance of 3.5 Å. The band gap values mono-
tonically increase with an increase of the LSF values, as 
 shown in Figure 5. This dependency is explained by the 
decreasing of the overlapping of axial p-orbitals for ter-
minal iodine atoms of adjacent inorganic layers. This 
opens the way for rational search of organic cations which 
would form the structures with the highest (LSF (½, ½)) 
or the lowest  (LSF (0, 0)) bang gap values.  
 
 
Figure 5. Calculated band gaps of the series of hypothetical 
A2PbBr4 single-layered perovskites with the interlayer dis-
tance of 3.5 Å as a function of the LSF (T1, T2). 
The discussed approach strengthens our understanding of 
the origin of "layered perovskites" but, at the same time, 
makes new fundamental questions open.  The most intri-
guing feature yet remains out of the scope of this article 
and is deeply connected with a possible influence of the 
cation symmetry as a key reason causing the action of 
LSF. This indeed phylosophical issue on cation and whole 
lattice symmetry  interrelations is under investigation for 
a future detailed article. 
CONCLUSIONS 
We proposed a new, universal and quantitative, layer 
shift factor (LSF) for a quantitative comparison and uni-
vocal classification of LHHPs and developed simple based 
Python algorithm for its calculation. We revealed that the 
structures with alkylammonium cations of an ortho-
rhombic symmetry belong to the “pure” RP phase while 
the monoclinic structures are linearly distributed between 
DJ (LSF = (0, 0)) and RP (LSF = (1/2, 1/2)) phases. Such 
different LSF values are related to the existence of differ-
ent conformations of interlayer cations. We show that the 
LSF parameter correlates well with the penetration depth 
of organic cations into inorganic layers, affecting there-
fore the distortion of inorganic framework and the band 
gap values. Thus, the calculated band gap of model 
A2PbBr4 single-layered perovskites increased by about 1 
eV with an increase of the LSF from (0, 0) to (½, ½). 
Therefore, the suggested simple layer shift factor may be 
considered as a key parameter for rational crystal chemi-
cal analysis and revealing composition-structure-property 
correlations for these materials. 
 
ASSOCIATED CONTENT  
The algorithm of program is available on 
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The Supporting Information contains Layer shift factor val-
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